ABSTRACT: Using a 40 yr demographic database of little penguins Eudyptula minor, we investigated anticipated impacts of climatic changes on the penguin population at Phillip Island, southeastern Australia, and the potential economic impact on the associated tourism industry over the next century. We project a small loss of penguin breeding habitat due to sea level rise, although breeding habitat is unlikely to be limiting over this period. However, some erosion in the vicinity of tourism infrastructure will undoubtedly occur which will have economic implications. We anti cipate little direct impact of decreased rainfall and humidity. However, fire risk may increase, and extreme climate events may reduce adult and chick survival slightly. Warmer oceans are likely to improve recruitment into the breeding population but the effect on adult survival is unclear. Overall, many aspects of little penguin biology are likely to be affected by climatic change but no net negative effect on population size is projected from existing analyses. Ocean acidification has the potential to be a highly significant negative influence, but present assessments are speculative. Some of the predicted negative impacts can be addressed in the shortterm, particularly those resulting from expected changes to the terrestrial environment. Others, particularly in the marine environment, appear to have limited options for mitigation locally. In the absence of evidence indicating population decline, economic impact may be confined to issues for tourism infrastructure due to increased sea-levels during storm events.
INTRODUCTION
Little penguins Eudyptula minor, the world's smallest penguin, occur throughout New Zealand and the southern coast of Australia. Up to 1500 little penguins come ashore each night on Summerland Beach, Phillip Island (Fig. 1) , at the world-famous 'Penguin Parade'. This penguin colony has been carefully monitored and managed for > 40 yr with many threats being addressed to ensure that the population remains secure (Dann 1992) . The Penguin Parade is an iconic component of Victoria's tourism industry: in 2010 attracting 471 680 domestic and international visitors, providing direct employment to ~200 staff and contributing >100 million dollars in tourism to the region (PINP 2011) . Therefore should a significant reduction in the number of penguins at the Penguin Parade occur, as a result of climate change, considerable flow-on effects to regional tourism revenue would be expected.
Climate variability and change are known to affect seabirds, both directly (e.g. heat-related mortality) and indirectly (e.g. through the impact of climate on food webs) (Ainley et al. 2010 , Brown et al. 2010 . Within the Australian region, sea bird responses to observed climatic change vary by location and species . In Western Australia, for example, breeding distributions of tropical seabirds shifted southward as regional sea-surface temperatures (SST) increased (Dunlop 2009 ), and changes have been observed in seabird breeding timing and reproductive success (Dunlop 2009 , Surman & Nicholson 2009 , including for the little penguin (Cannell et al. 2012) . Warmer SSTs, asso ciated with the El Niño Southern Oscillation (ENSO), have also been associated with reductions in seabird populations on the Great Barrier Reef (Heatwole et al. 1996 , Batianoff & Cornelius 2005 . Increased SSTs are believed to reduce prey availability to seabirds through decreased productivity at lower trophic levels and/or movement of forage fish or subsurface predators, either horizontally or vertical ly (Peck et al. 2004 , Erwin & Congdon 2007 , Devney et al. 2010 . Strong winds and severe storms also affect seabird breeding participation, success of breeding and mortality (King et al. 1992 , Garnett et al. 2010 .
Long-term datasets are central to understanding how species respond to climate change (Poloczanska et al. 2007 ). The datasets available for little penguins on Phillip Island are unusual in their durations (since 1968 for some parameters, including breeding timing and success, adult and fledgling mass and survival data) and allow sophisticated insights into this species' likely responses to climate change.
Using these penguin datasets and the scientific literature, we investigated likely impacts of 5 areas of projected climate changes on little penguins and their habitat on Phillip Island: (1) sea-level rise, (2) decreased rainfall (and humidity), (3) ambient air temperature rise, (4) SSTs in Bass Strait and (5) ocean currents (including thermoclines and ENSO events) and other potential drivers including winds and ocean acidification. The climatic effects may act directly on the physiology, behaviour and survival of penguins, or indirectly, including factors operating on the ecology and behaviour of their prey or on primary and secondary productivity in Bass Strait. Based on these results we evaluated the potential flow-on economic impacts and recommend, within adaptation options for the region, actions to increase the resilience of the little penguin colony.
OBSERVED AND PROJECTED CHANGES IN THE LOCAL CLIMATE
To place in context the anticipated effects of climate change on little penguins, we first considered observed and projected changes to the local climate system. (DSE 2008) , the largest change occurring during summer (~0.5°C). The mean number of days with temperatures > 35°C in creased, while there were fewer cold nights (minimum temperatures < 5°C).
By 2030 annual average temperatures in the region are projected to increase by ~0.8°C (range of uncertainty 0.6 to 1.1°C, medium emissions scenario; DSE 2008). By 2070 the projected increase is ~1.3°C (0.9 to 1.8°C, lower emissions scenario) or ~2.5°C (1.7 to 3.5°C; higher emissions scenario). The number of days with temperatures > 35°C is expected to double by 2030 and triple by 2070, and an increase in the incidence of drought and heat waves is anticipated (DSE 2008).
Precipitation, humidity and fire weather
Since 1998 annual averaged rainfall in the Port Phillip/Western Port region has declined by 14%, compared to the period 1961 -1990 (DSE 2008 , and the number of days on which rain fell also decreased (15 fewer per year).
By 2070 annual average rainfall is projected to decrease by ~6% (0-12%, lower emissions scenario) or 11% (0-23%, higher emissions scenario) (DSE 2008) . Decreased rainfall and increased evaporation rates are likely to reduce stream flows. Fewer days of rainfall are likely to result in more droughts; however, the intensity of heavy daily rainfall is expected to rise in most seasons (DSE 2008) . Annual average relative humidity is also likely to decrease (DSE 2008) .
Increased frequency of drought, rainfall declines and increased extreme temperatures are likely to increase fire risk. More dangerous fire weather days have been observed in recent decades (Lucas et al. 2007) , and the length of the fire season may be in creasing. An increase in dangerous fire weather days are also expected in the future, along with a longer fire season (C. Lucas [Bureau of Meteorology, Australia] pers. comm.).
2.1.3. Sea surface temperature and ocean currents Australian oceans are warming, particularly off the south-west and south-east coasts. The southward flow of east coast currents have strengthened and are projected to continue to warm by 1 to 2°C by the 2030s, particularly off south-eastern Australia (Poloczanska et al. 2007 , Lough 2009 ). By 2070, this warming is projected to be in the range of 2 to 3°C. Greater ocean stratification is projected, as is a shallowing of the mixed layer (by ~1 m) (Hobday et al. 2008) , which is likely to reduce nutrient inputs from deep waters (Poloczanska et al. 2007 ).
ENSO is a major influence on Australia's climate, and its signals can be seen in the East Australian Current, though there is only low to medium confidence that it affects south-eastern waters (Holbrook et al. 2009 ). There is little evidence of a change in ENSO variability in response to global warming, and low confidence in future projections of changes in the amplitude or frequency of ENSO events, though there is greater confidence in background 'El Niño-like' patterns in the future (Holbrook et al. 2009 ). One measure of ENSO is the Southern Oscillation Index (SOI) (Allan et al. 1996) . El Niño (La Niña) episodes are characterised by sustained negative (positive) SOI values, and are associated with weaker (stronger) Pacific Trade winds, generally reduced (increased) rainfall in eastern and northern Australia, and a cooler (warmer) SST in Australian waters.
Sea level rise and storm surge
Relative sea level around Australia has increased; since 1993 the rate of increase in south-eastern Australia was 2 to 4 mm yr -1 (Church et al. 2009 ). Sea level is expected to continue to rise (0.06 to 0.17 m by 2030, lower-to higher-range emission scenarios) (McInnes et al. 2008) . By 2070 the mid-range scenario is projected to be 0.32 m (0.15 and 0.49 m: lower and higher emission scenarios).
The frequency of inundation and erosion of lowlying coastal areas on Phillip Island is expected to increase as a direct result of sea-level rise, and due to storm surges and storm tide levels, the degree of which will be dependent upon the local geomorpho logy (McInnes et al. 2008 , Church et al. 2009 ). Soft substrates will be most affected, with an expected 50 to 100 m of horizontal erosion for every 1 m of sea-level rise (Bruun 1962) . High, hard rocky coasts have low risk while low lying or softer landforms are more at risk (Sharples 2006) . Other factors contribute to the extent of inundation, including local currents and sand accretion/erosion due to wind conditions or vegetation.
Other climate variables
Wind direction and velocity play an important role in transporting cooler water masses into central Bass Strait, and in the vertical mixing of the water column (Gibbs 1992 , Sandery 2007 . In the Western Port region, extreme wind speeds may decrease in summer and increase in winter (by ~1%, mid-range emissions scenario, by 2030) . The projected weakening of winds in southern Australia during winter may reduce fish recruitment (Poloczanska et al. 2007) .
Changes in ocean acidity levels represent a serious threat to calcifying organisms (Raven et al. 2005) . pH is an important determinant of the growth rate of phytoplankton species; the direct effect of ocean acidification on calcifying zooplankton is to increase shell maintenance costs and reduce growth. Since 1750, ocean pH lowered by 0.1 units (a 30% increase in acid concentration), and by 2100 it is expected to decrease by a further 0.2 to 0.3 units (Howard et al. 2009 ).
IMPLICATIONS OF CLIMATIC CHANGES FOR LITTLE PENGUINS

Ambient air temperature
Projected increases in temperature extremes are likely to affect birds due to dehydration tolerance limits being reached and hyperthermia (McKechnie & Wolf 2010) . Seabirds are particularly vulnerable to heat stress during breeding and moult ), when they are on land and unable to avoid high daytime temperatures. Extreme temperatures and hyperthermia can also lead to reduced reproductive success (Yorio et al. 1995) .
Increase in hyperthermia
Hyperthermia and, ultimately, adult mortality result from the direct effect of extreme high temperatures, but also indirectly through the loss of shading vegetation. Penguins reduce body temperature by hyperventilating, which is energetically expensive (Stahel & Gales 1987) . Oxygen consumption in nesting little penguins increases when ambient temperatures are > 26 to 27°C (Baudinette et al. 1986 ). Presumably this is associated with higher rates of ventilation due to the increased need for evaporative cooling. Stahel & Gales (1987) suggested that when burrow temperatures increase to > 35°C, little penguins have a tolerance of only a few hours before body temperatures become dangerously high. Burrow microclimate de termines the exposure to high temperatures, and this, in turn, is a reflection of the position and structure of the burrow and the insulation qualities of the soil and surrounding vegetation.
Of 416 recorded cases of mortality of adult penguins on land at Phillip Island between 1986 and 1989, 7 (1.7%) were considered due to heat stress (Dann 1992) . Based on a projected tripling of days with temperatures > 35°C by 2070 (the mid-range estimate for coastal regions of Western Port; DSE 2008), heat stress in the little penguin is likely to increase. At temperatures > 27°C, the daily energy budgets of penguins is expected to increase in tandem with increasing temperatures, as the penguins expend energy to maintain core temperatures (Baudinette et al. 1986 ).
Reduced breeding success
Burrow temperature and humidity potentially influence penguin breeding success (Stahel & Gales 1987) as well as adult survival. Burrow temperature varies with burrow type, depth and location, as well as with the surrounding and covering vegetation type and burrow structure (Ropert-Coudert et al. 2004) . Little penguins readily use artificial boxes for breeding (Stoklosa et al. 2012) , which provides oppor tunities to manipulate burrow microclimate in order to study the effects of this (Ropert-Coudert et al. 2004 ) as well to enhance penguin survival and breeding success.
Decreased rainfall and humidity
Rainfall affects the breeding success and survival of seabirds directly, and has implications for the quality of breeding habitat, particularly the microclimate of burrows, fire risk and prey availability ). Rainfall appears to have relatively few direct effects on the survival or breeding success of little penguins. Eggs and chicks have been lost through infrequent (once every 20 yr) flooding of burrows at Phillip Island, but other direct evidence is not apparent.
Fire risk
Decreasing rainfall and humidity, together with increasing droughts and air temperature, suggest a future increase in fire risk in the penguin breeding habitat. Being burrow nesting species, little penguins are particularly vulnerable to fire due to their flightlessness, and reluctance to abandon nests or emerge during daylight. This species also appears to be maladapted to fire; it does not avoid fire and will remain near or under vegetation until severely burnt or killed ). Penguins have also been observed standing beside flames preening singed feathers, rather than moving away (Renwick et al. 2007) .
Fire reduces the quality of breeding habitat through the destruction of vegetation and associated damage to burrow structure, erosion of soils and reduction in insulation of surviving burrows. The impact of fire varies with vegetation type, and fire has a greater impact in grassland and scrubland and less in succulent herbfields. It was noticeable from a fire on Seal Island in south-eastern Australia, that areas of succulent vegetation and the penguins living in them were largely unaffected by the fire whereas grassland breeding areas were severely burnt and many of the burrowing seabirds killed (Renwick et al. 2007 ).
In addition to wildfires, fire risk is also increased through above-ground powerlines, ). Accordingly most of the current fire risk on the Summerland Peninsula has been removed with the burial of all power lines. The risk of damage to penguins and habitat could be reduced further through strategic planting of fire-resistant indigenous vegetation. Since most of the viewing of penguins by tourists (and the associated infrastructure) occurs in <10% of the colony, it is in the interests of maintaining the visitor experience and infrastructure that greater levels of fire protection are afforded to these areas in particular.
Availability of food
Little penguins eat fish and squid, particularly small clupeiform fish, such as anchovy Engraulis australis and pilchard Sardinops sagax (Cullen et al. 1992 , Chiaradia et al. 2012 . Anchovies form a significant dietary component for Phillip Island penguins, particularly in winter when they forage in Port Phillip Bay (McCutcheon et al. 2011) . Freshwater input can improve fertilization and local planktonic production, crucial for the survival of some fish larvae. Lloret et al. (2004) showed that the timing of spawning in a Mediterranean anchovy (E. encrasiculus) is influenced by freshwater inputs from the Ebro River in Spain. Therefore projected reductions in freshwater flows, due mainly to rainfall reductions, may lead to a re duction in anchovy productivity (Santojanni et al. 2006) , and thus is important that any links between penguin survival or abundance, anchovy spawning and availability, and freshwater flows are quantified.
Sea-level rise
The effect of sea-level rise on seabirds is expected to vary with location and breeding habitat, with species nesting on high rocky islands expected to have lower risk levels than those nesting on low-lying or sandy parts of islands . In addition the ability of seabirds to adapt to sea-level rise by moving inland may be constrained by coastal development and infrastructure (Erwin 1980 ).
Loss of penguin breeding habitat
Rising sea level is likely to be a threat to bird species that nest on low-lying coastal areas as breeding sites are flooded or eroded (Galbraith et al. 2002) . Fig. 2 illustrates the distribution of breeding penguins on the Summerland Peninsula. Approximately 27% of penguin breeding areas on Summerland Peninsula have a sandy shoreline and the remainder is rocky. The rocky shoreline is expected to show rela tively little response to sea-level change in the short to medium terms but the sandy shorelines could move up to 50 m inland for every 1 m sea-level rise (Bruun 1962) , largely by increased instability through increasing frequency and intensity of storm surges and high seas.
In the long-term, some loss of breeding habitat is expected to occur at Cowrie Beach and Cat Bay on the northern side of the Peninsula and on Summerland Beach on the southern coast (Fig. 2) due to rising sea-levels. However the impact of this loss of habitat (<<1% of that available) is unlikely to be significant for penguin numbers over the next century since breeding habitat is not a limiting factor on Phillip Island (Dann & Norman 2006) , with plenty of suitable breeding habitat available inland at all of these sites. There may, however, be some negative implications for the nightly viewing of penguins by tourists. This area is likely to experience increased instability, albeit reduced by the protection afforded from storm surges and prevailing winds by an adjacent bluff.
Penguin access to breeding sites and changes in beach profile
Coastal erosion along beaches used by penguins for colony access is also likely to increase with climate change, together with the inundation of some low-lying breeding areas. Access to breeding sites is generally along tracks that have been used for decades. Access points are numerous but vary in quality, and the birds congregate at more sheltered sites with fewer physical hazards and reduced gradients into the hinterland. Sandy beaches are used wherever available and maybe preferred, as are creek outlets, particularly on sandy shore lines.
Marram grass Ammophila arenaria, a perennial European grass, was introduced to Phillip Island to stabilise dune erosion. Its spread has resulted in sand dunes of a significantly different shape to those produced by native vegetation (Hilton et al. 2005 , Hilton 2006 : generally large steep-faced dunes that are more susceptible to wave erosion. The resulting steep banks on the foredune can impede penguins crossing into breeding areas on or behind the primary dune. Currently Summerland Beach is actively managed by constructing temporary penguin tracks up the face of the dune, though this is a reactive rather than pro-active approach, and the problem is not always identified quickly. Replacement of marram grass with native species may improve penguin access now and into the future, as well as lessening the effects on beach gradients of anticipated increased wave activity.
Changes to inshore productivity
Changes in sea level are likely to reduce inshore productivity because the increase in water depth and consequent reduction in light availability to the sea bed will reduce the growth of subtidal marine plants (Short & Neckles 1999) . It is estimated that a 50 cm in crease in sea level could result in a 30 to 40% reduction in growth of Zostera marina, a widespread Northern Hemisphere seagrass (Short & Neckles 1999) . It is anticipated that there will be some loss of productivity of inshore waters in Bass Strait, which may ultimately result in reduced food availability for penguins.
Sea temperatures and ocean currents
SSTs have a profound direct influence on Bass Strait pelagic ecosystem productivity (Brown et al. 2010 ) and accordingly, influence the demography of penguins, particularly the timing and success of breeding and survival.
SSTs: timing and success of breeding
Ocean temperatures may influence the timing and success of breeding of seabirds (Irons et al. 2008 , Cullen et al. 2009 ). Penguin breeding may be af fec ted by changes in marine productivity associated with SSTs and driven by oceanographic processes (Middleton & Cirano 2002) . Oceanic warming in south-eastern Australia is causing poleward shifts in species ranges, including species on which the penguins and their prey depend, and a shift in abundance toward species tolerant of warmer waters (Poloczanska et al. 2007 , Last et al. 2011 ). SST variation has been associated with variation in the timing and success of breeding of little penguins (Cullen et al. 2009 , Cannell et al. 2012 . Phillip Island little penguins rarely travel outside Bass Strait (Collins et al. 1999 , Hoskins et al. 2008 ) and therefore are dependent upon the waters of the Strait for all their food requirements. Cullen et al. (2009) predicted an early egg-laying date, higher average chick mass at fledging and a higher number of chicks produced per breeding pair when SSTs in Bass Strait were warmer than average in March (Fig. 3) . Their models predict that an increase in SSTs is likely to lead to a reversal of the current trend towards later breeding (0.66 d yr (Table 1 ). However, it should be cautioned that this relationship may not continue to hold once Bass Strait SSTs exceed those experienced in the development of the model. Cullen et al. (2009) provide 2 hypotheses as to why warmer ocean temperatures lead to more successful penguin breeding, though both require further research. Warmer water leads to a longer breeding seasons and/or greater availability and quality of food (see Cullen et al. 2009 for further discussion).
3.4.2. SSTs: juvenile (1st yr) survival Sidhu et al. (2012) found a strong positive relationship between first-year survival of penguins on Phillip Island and mean SST in Bass Strait in autumn of the year of breeding. Most chicks will have fledged by the beginning of autumn (Reilly & Cullen 1982) . Autumn is the peak mor tality period for these young birds that are inexperienced in finding food (Dann et al. 1992) , and SSTs are very likely to influence prey availability at this critical time. Both autumn SSTs and the east -west temperature gradient mentioned by Sidhu et al. (2012) are projected to rise as a result of global warming. However, it is currently uncertain as to what the net effect will be on first-year survival (Sidhu et al. 2012) .
3.4.3. SSTs: adult survival Sidhu (2007) examined the relationship between adult survival of little penguins breeding on Phillip Island and SSTs in south-eastern Australia. Adult survival probability in a given calendar year was best explained by the mean SSTs in the autumn and winter, and to a lesser extent, the summer of that year. The relationships were negative, suggesting that cooler SSTs in autumn and winter are associated with increased adult survival, which is the reverse of the relationship between SST and first-year survival. Dann et al. (1992) reported that adult mortality peaks in autumn after moult, and again in early spring. During the moult in February or March, adults fast for 15 to 20 d before returning to the sea to feed (Reilly & Cullen 1983) , suggesting that food supply before and after moulting plays a pivotal role in adult survival. 
ENSO-related changes
Higher first-year survival probability has been associated with lower values of the SOI, whereas the opposite was the case for adult survival (Sidhu 2007) . Factors which affect adult survival have a greater impact on penguin population size than do those related to first-year survival (Dann 1992) .
Highly negative (positive) SOI values indicate the presence of El Niño (La Niña) conditions, which are generally associated with lower (higher) SSTs in the Australian region. Sidhu (2007) noted that this result appears to contradict those obtained for local-scale SSTs and highlights the complexity of the effect that climatic conditions have on the survival of little penguins. Correspondingly, Fortescue (1998) reported that positive phases of the SOI were associated with increased adult survival from one season to the next. However, the SOI and survival may be stepped (i.e. changing at certain thresholds) rather than linear. For example, ex tremely high or low SOI values (La Niña or El Niño conditions) may affect penguin survival, whereas moderate values may have no effect (Sidhu 2007) . Confidence in the relationships between adult survival and SST are lower than those for juvenile survival, and require further research to confirm the direction of the relationship.
Increased stratification of water column on penguins
The projected increase in ocean stratification may influence penguins directly through processes operating on their foraging efficiencies and indirectly through processes operating on primary and secondary productivity.
Mixing depth and mixing intensity in the surface ocean and the associated stratification are key factors for the production of phytoplankton (and, ultimately, higher trophic levels) because they fundamentally affect the supply of nutrients and light (Poloczanska et al. 2007 ). Predictions of an increase in stratification and a reduction in the depth of the mixed layer around most of continental Australia (Poloczanska et al. 2007 ) suggest a likely future reduction in productivity of pelagic ecosystems. Stratification may also have a direct effect on how successfully penguins feed. Ropert-Coudert et al. (2009) found an association between ocean stratification and foraging and breeding success of little penguins over a 2 yr period. A reduction in the thermocline was associated with a decrease in foraging and breeding success.
In summary, increased stratification of the water column may reduce productivity and, correspondingly, food availability for penguins in the long-term but, conversely, increase foraging efficiency of little penguins in the short-term.
Other climate drivers
Wind
Wind direction and velocity play important roles in the transport of cooler water masses into central Bass Strait and in the vertical mixing of the water column. The projected weakening of winds in southern Australia may change productivity patterns and reduce fish recruitment (Poloczanska et al. 2007 ) with corresponding implications for seabird survival and breeding success. Strong relationships between wind strength and recruitment exist for blue grenadier Macruronus novaezelandiae in outer continental shelf waters (Thresher et al. 1992) . In south-eastern Australia reduced production of the jack mackerel Trachurus declivis off Tasmania resulted from decreased wind stress and subsequent de crea ses in large zooplankton (Harris et al. 1988) .
Wind may play direct and indirect roles in determining the survival and breeding success of penguins. Ganendran et al. (2011) looked at the effect of wind direction and strength on survival of little penguins. First-year survival was negatively associated with strong easterly winds in the summer immediately following fledging, and positively associated with the number of strong southerly wind days in the winter before egg-laying. Annual adult survival was negatively associated with easterly winds in the summer of the previous year, and positively associated with northerly winds during autumn, when adults moult. The mechanisms by which strong wind events affect penguin survival are not fully understood but are possibly linked to wind-driven productivity in Bass Strait or to the mixing of the water column in penguin foraging areas, making prey acquisition more difficult (Ganendran et al. 2011 ).
Ocean acidification
It is difficult to predict how changes in ocean acidification will affect primary and secondary production in pelagic food chains (and, ultimately, penguins) with the current level of knowledge of the processes involved and the functioning of pelagic food webs. However, the physiology of fish and squid may be influenced by increasing CO 2 levels in the oceans, since this influences tissue acid-base regulation and thus metabolism (Poloczanska et al. 2007) .
Potential effects of acidification on penguins are likely to be through negative effects operating on primary and secondary productivity and on squid, such as Gould's Squid Notodarus gouldii, which is an important food source (Chiaradia et al. 2010) .
The climatic drivers considered here are not exhaustive, but represent those that have currently been considered in the literature for this species. Future analyses could potentially include additional drivers, such as the Southern Angular Mode and multi-decadal variations.
A summary of the potential impacts of climatic change on penguins is provided in Table 2 .
There are many ways that resilience to climate change can be increased in the penguin population and we have made recommendations for actions likely to achieve this (Table 3) . We also include a number of areas that need to be addressed before likely impacts can be evaluated, and suggest adaptation options.
ECONOMIC IMPLICATIONS
The Phillip Island Penguin Parade attracts nearly half a million visitors per year and contributes an estimated $125 million of economic activity to the State of Victoria (Ernst & Young 2012) . The economy of the Bass Coast Shire, and of Phillip Island itself, is strongly linked to viable penguin tourism. More than half of the 1000-plus businesses in the Shire benefit directly from tourism (Marsden Jacob Associates 2008) .
Although no significant penguin population decline is forecast in the short-term, we consider the most likely effect of reduced numbers would be on the visitor experience, and consequently on the income of the business. While we do not know the relationship between the number of penguins crossing the beach on a night and visitor satisfaction, any significant reduction in the numbers crossing at the nightly Parade is likely to have implications for the visitor experience. Certainly, the absence of penguins on any night would have flow-on effects, and ultimately result in the closure of the viewing facility for periods of time. This is most likely to happen after breeding (February to Table 3 for details of how some potential impacts can be reduced or eliminated). SST: sea surface temperature, ENSO: El Niño Southern Oscillation April) or in mid-winter (July) when mean penguin numbers coming ashore each night are lower (Fig.  4) . Marsden Jacob Associates (2008) considered the economic implications of a scenario of a significant decline in penguin numbers at the Parade in winter leading to the Park closing during these months, and tourism declining as tours are removed from itineraries. This scenario results in sizeable reductions in economic activity of around $18 million of direct value, including flow-on ($14.5 million decline in direct economic output, loss of 66 fulltime jobs for Bass Shire, losses relative to scenario with no economic impact), but care must be taken in interpreting the results, as the scenarios are purely hypothetical and there is considerable uncertainty regarding the magnitude and direction of any changes in the penguin population as a result of climate change.
However, in the absence of any significant indication that the penguin population will decline, the economic impact of climate change may be confined to issues for tourism infrastructure. Projections of sealevel rise and storm surge suggest that some erosion of the beach in the vicinity of the viewing stands and further east is likely, with implications for the infrastructure at the tourist viewing areas at the Penguin Parade. This implies that in the longer term, infrastructural change will be required to accommodate shoreline variation, but this is unlikely to pre-empt the normal infrastructure renewal schedule, presently renovated or replaced every 20 to 30 yr. Options for shifting Parade infrastructure, including viewing stands, to other sites on the Summerland Peninsula are unavailable due to lack of suitable alternative places with high numbers of penguins coming ashore and suitable sandy beaches for optimal viewing. 
